Studies of collagen from experimental animals have led to a considerable understanding of the biological function and mode of biosynthesis of this important connective tissue protein (2, 3) . The amino acid composition and sequence of collagen (3, 4) , the helical structure of the triplestranded collagen monomer (4, 5) , and the relationship between collagen and gelatin (4) have also been subjects of intensive investigation. Soluble collagen, when denatured by heat to break secondary bonds, has been shown to exist mainly in the form of a (single-chain) -and /8 (doublechain) -components (6) (7) (8) . There is evidence indicating that two of the chains (al) comprising the collagen monomer are identical in amino acid composition whereas the third (a2) is different (9) (10) (11) .1 Although a number of linkages have been proposed (4) , the nature of the covalent bonds involved in the intramolecular cross-linking of collagen and the relationship, if any, of such bonds to intermolecular cross-links have not been conclusively established.
Although distinct species differences in collagen chemistry have been demonstrated, it is reasonable to expect that much of the information obtained from the examination of other mammalian collagens will have direct relevance to the study of the protein in humans. However, the precise ap-* Submitted for publication April 21, 1964 ; accepted May 15, 1964. Presented in part at the Forty-eighth Annual Meeting of the Federation of American Societies for Experimental Biology, April 1964. A portion of this work has been published in preliminary form (1) .
t Research Associate, National Institutes of Health. 1 The previously described 8-components (8, 11) are designated a,, for al-al and 8in for al-a2. The two al chains are assumed to be identical, since this fraction appears homogeneous. Direct evidence, however, is lacking on this point. plication of such information to the elucidation of the possible role of altered collagen in certain pathological conditions must await the study of collagen chemistry in normal subjects. The need for careful base-line studies has prompted us to subject human collagen to some of the same procedures used to elucidate the structure of other mammalian collagens. In addition, since disturbances in the cross-linking process may play a role in some of the disorders of connective tissue, an attempt has been made to study certain aspects of the intra-and intermolecular covalent bonding of collagen and thus the relation of the collagen monomer to the polymeric forms in which it largely exists in tissues.
Materials and Methods
a) Source and preparation of collagen. The collagen used in this study was extracted from a sample of 32.5 g of skin (wet weight of cleaned skin) obtained from the back and abdomen of an infant who had died 36 hours after birth because of a cardiac malformation (single ventricle) incompatible with extrauterine life. The pregnancy was reported to have been normal, and no other pathological findings of note, with the exception of those resulting from the cardiac dysfunction, were encountered. Weight at birth was 2,600 g.
Neutral salt-extracted collagen. The subcutaneous fat and epidermis were carefully removed with a scalpel, and the corium was ground to a coarse mince with a mechanical grinder. All procedures were performed at 5°C. After washing with distilled water, the tissue was extracted for 48 hours with constant stirring in 650 ml of 1 M NaCl in 0.02 M Tris buffer at pH 7.4. The residue was removed by filtering through several layers of cheesecloth and the supernatant liquid further clarified by filtration through a Celite filter cake on a Buchner funnel. Solid NaCl was added to the supernatant fluid to a final concentration of 20% and the solution allowed to stand for 30 to 60 minutes until precipitation of collagen was complete. The collagen was removed by centrifugation at 13,000 X g for 20 minutes. Sufficient distilled water was added to redissolve the collagen, and precipitation with NaCl was repeated. After redissolving the precipitate by reducing the salt concentration to 1 to 2% with distilled water, the collagen was precipitated a third time by lowering the pH to 4.0 with a small quantity of acetic acid. The precipitate was removed by centrifugation and dissolved in 0.5 M acetic acid. After exhaustive dialysis against distilled water the collagen was lyophilized and stored over CaCl2 at 50 C.
Acid-extracted collagen. The residue obtained after extraction with 1 M NaCl was washed with distilled water and suspended in 650 ml of 0.5 M acetic acid. Extraction was carried out for 48 hours with constant stirring. After filtration, collagen was precipitated by the addition of NaCl to a concentration of 107o. The precipitate was separated by centrifugation and dissolved by the addition of distilled water and exhaustive dialysis against 0.15 M acetic acid. The collagen solution was lyophilized and the dry salt-free protein stored as above. Acetic acid extraction was repeated a total of five times. The quantity of collagen obtained during each of the last three extractions was too small to permit its characterization by lyophilization and chromatography on carboxymethylcellulose. Hydroxyproline determinations (12) were performed on these extracts.
Guanidine-extracted collagen. The tissue remaining after sequential extraction with salt and acetic acid was suspended in 500 ml of 5 M guanidine,2 which had been neutralized to pH 7.5 with NaOH and clarified with activated charcoal. Extraction was carried out with stirring for 72 hours. After filtration the filtrate was dialyzed exhaustively against distilled water to insure removal of all guanidine. The remaining protein, which had largely precipitated, was lyophilized as a suspension and stored. Extraction with guanidine was repeated a second time with 250 ml of 5 M guanidine. b) Chromatography on carboxymethylcellulose. A weighed quantity of dry collagen, usually 50 to 100 mg, was suspended in 20 to 30 ml of starting buffer, 0.06 ionic strength Na acetate, pH 4.8, and stirred overnight at 50 C. The sample was denatured by warming to 400 C for 30 minutes and any insoluble material removed by centrifugation or filtration. The method of chromatography was essentially that of Piez, Eigner, and Lewis (11) spectrophotometer. A simultaneous recording was obtained by the use of a Sargent SRL chart recorder with logarithmic gears run at a speed of 3 inches per hour. Ten-ml fractions were collected. Elution was carried out at a flow rate of 120 ml per hour. All buffers were prewarmed and deaerated to avoid the formation of air bubbles in the system. At the conclusion of a run the column was washed for 30 minutes with a solution 0.01 N in NaOH and 0.5 N in NaCl, followed by starting buffer until a stable base line was achieved.
Rechromatography was performed in essentially the same manner as described above. Protein fractions were dialyzed in the cold against starting buffer and then warmed to 400 C before being pumped on the column.
When large volumes of sample were involved, the flow rate was increased to 250 ml per hour and reduced to 120 ml per hour at the start of the gradient.
Protein fractions were separated from buffer salts by passage through a column of Sephadex G-25 equilibrated with a pyridine acetate buffer, pH 4.4 (4.0 ml pyridine and 6.7 ml acetic acid per L). The volatile nature of this buffer permitted the preparation of dry saltfree collagen by lyophilization. c) Amino acid analysis. Three mg of collagen or one of its components was hydrolyzed in 6 N HCl under nitrogen at 1080 C for 24 hours. The acid was removed by distillation under reduced pressure at 600 C and the residue dissolved in distilled water. A sample representing about 1 mg of protein was analyzed on an automatic amino acid analyzer utilizing a column of Dowex 50 X 12 resin (13) . Appropriate corrections were made for loss of the labile amino acids, threonine, serine, tyrosine, and methionine, and for incomplete release of valine (8) . All interference fringes measured in a double sector synthetic boundary cell of the capillary type. Equilibrium studies with six dilutions of each component were performed, and 1.8-mm liquid columns with a false bottom of FC-43 were employed. The equilibrium speed for al was 6,995 rpm; that for Bs2 was 8,225 rpm. Rayleigh patterns were measured in a Nikon comparator and molecular weights calculated as described by Richards and Schachman (14) . The partial specific volume was taken to be 0.705 (15) . Computations were performed with the aid of a Minneapolis Honeywell 805 computer. e) Polarimetry. Optical rotation was measured in a Rudolph photoelectric spectropolarimeter equipped with a monochromator and an oscillating polarizer. Samples of acid-extracted collagen were dissolved in cold 0.15 M potassium acetate, pH 4.8, and dialyzed at 50 C against a large volume of the same buffer for 24 hours. Shortly before use samples were clarified by centrifugation at 5°C and 100,000 X g in a Spinco model L centrifuge for 3 hours. Readings were taken in a 1-decimeter jacketed cell with a capacity of 2 ml. Temperature control to + 0.05°C was provided by a circulating water bath. Melting curves were obtained by a stepwise increase in temperature. Each change was achieved within 5 minutes, and a total of 30 minutes was allowed for equilibration. Most measurements were made at the 313 mm Hg line. The specific rotation at 589 m~uwas measured with a zirconium light source. Protein concentrations were determined by the use of a microKjeldahl method, a nitrogen content of 18.6% being assumed for collagen. f) Viscometry. Viscosity measurements were made at 15°C in a coiled capillary viscometer with a flow rate of about 50 seconds for water. Samples of acid-extracted collagen were dissolved in cold 0.15 M potassium acetate, pH 4.8, and dialyzed at 50 C against a large quantity of the same buffer. Solutions were clarified shortly before use by centrifugation in the cold at 100,000 X g. Nitrogen concentrations were measured by the micro-Kjeldahl technique.
Acrylamide gel electrophoresis. Acrylamide gel electrophoresis was performed according to the method of Nagai, Gross, and Piez (16) . This technique, which utilizes a polymerized acrylamide gel, permits the diagnostic separation of a-and a-components in very small samples of soluble collagen (of the order of 100 fig).
Results Extractability of collagen. Although precautions were not taken to achieve completely quantitative recoveries, some idea of the relative quantities of collagen extractable by salt, acid, and guanidine may be obtained by reference to The relative quantities of a-components are exaggerated due to the effect described by Johnston and Ogston (19) .
been observed in the extraction of collagen from the skins of growing rats and guinea pigs (18) . The a-and /3-components derived from guanidineand acid-extracted collagens, respectively, are identical in their behavior on carboxymethylcellulose column chromatography and acrylamide gel electrophoresis, and in their amino acid composition, indicating that covalent bonds are not disrupted during the course of guanidine extraction.
Chromatography on carboxymethylcellulose. Representative chromatograms of salt-, acid-, and guanidine-extracted collagen are illustrated in Figure 1 . The elution patterns resemble those obtained with collagens from rat tail tendon and skin, carp swim bladder, and dogfish shark skin (11) . It is apparent that the proportion of double chain /3-components increases as the extracting solvent changes from salt to acid to guanidine, indicating that the latter solvent is most effective in extracting cross-linked material. The identification of /322. Chromatograms of guanidine-extracted collagen consistently revealed a small peak after a2 in the effluent of the carboxymethylcellulose column (Figure 1) . A peak in this region had not previously been detected in the chromatography of other collagens extracted by the usual techniques. However, its presence was subsequently noted in chromatograms of rat and guinea pig collagens extracted with 5 M guanidine (18) .
The protein contained in the chromatographic fractions represented by this peak was purified by rechromatography. The purified protein was examined in the ultracentrifuge (Figure 2) as a dimer of al and a2, whereas the composition of whole collagen is in accord with the conclusion, previously derived from work with other vertebrate collagens (9) (10) (11) , that the monomer consists of two al and one a2 chains.
The amino acid composition of human skin collagen and its components resembles the corresponding constituents of rat skin, although small but significant differences exist. Hence the alanine is somewhat higher in human collagen, whereas the methionine and isoleucine are somewhat lower. As in the rat, significant differences in the contents of 4-hydroxyproline, glutamic acid, proline, alanine, valine, isoleucine, leucine, hydroxylysine, lysine, and histidine may be found in comparing the al and a2 chains. Human skin al and a2 chains differ considerably in their tyrosine content, whereas this is not true in the rat. On the other hand, the rat a2 chain lacks 3-hydroxyproline, whereas both human al and a2 chains contain one residue of this amino acid per chain. 4 Ultracentrifugational studies. The values for Figure 3 . Extrapolation to zero concentration and conversion to sedimentation coefficients at 200 C in water resulted in values of 3.0 S for the a chains and 4.0 S for the /3-components (Table III) Molecular weight determinations, using the technique of sedimentation equilibrium, were performed on samples of al and B12. The results are listed in Table III . The value of 103,000 for al was obtained in potassium acetate buffer and agrees closely with that of 98,000 obtained for rat skin al by use of the same technique (15) . Because /3-components tend to degrade when kept at 400 C for the periods of time needed to achieve equilibrium (16 to 24 hours) and aggregate at lower temperatures, it was necessary to perform molecular weight determinations in 5 M guanidine. With this technique, errors of measurement are considerably greater. The value of 170,000 is the result of a single determination and is within the experimental error of the value of 196,000 obtained in more extensive studies with rat skin 312 (15) .
Optical rotatory properties. The striking levorotation of native human skin collagen solutions is characteristic of solutions of this protein. Values for specific rotations similar to those listed in Table III have been found in studies of rat skin and calf skin collagen (4). The marked contribution of the helical structure of collagen to its optical rotation can be seen in the finding that heat-denatured collagen or gelatin, in which chains exist as random coils, exhibits a specific rotation which approaches that of the mean residue rotation of the component amino acids. In Table III the specific rotation of gelatin is listed in the columns headed a and /3.
Denaturation temperature. The collagen to gelatin transition or melting curve was determined by following the change in optical rotation that occurred when a dilute solution of native acid-extracted collagen was warmed in a stepwise fashion (Figure 4) . TM, or the temperature at the midpoint of transition, was found to be 38.50 C, a value similar to that obtained for other mammalian collagens (4) .
Viscometric studies. The intrinsic viscosity was determined by plotting the reduced vis- The value of 16.6 deciliters (dl) per g obtained for the intrinsic viscosity of human skin collagen is in the range of 13 to 17 dl per g obtained by a number of investigators for mammalian and fish collagens (4). The precise value of the intrinsic viscosity is influenced by the buffer used and by the degree of aggregation present in the preparation of collagen tested.
Discussion
The study of human collagen has been hampered by difficulty in obtaining material suitable for biochemical investigation. Bakerman (20) has studied the variation in yield of acid-extractable human skin collagen with age. His data indicate a maximum of 1.2 to 1.8 mg of citric acid-soluble collagen per gram of skin in term fetuses, with a rapid decrease in extractable collagen with increasing age. Skin from individuals older than 15 years yielded less than 0.5 mg per g. In the present work a considerably larger quantity of collagen (11.8 mg per g skin) was extracted with dilute acetic acid from the skin of a young infant. The difference in extracting solvent, precise conditions, and inherent individual variation may 35 40
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FIG. 4. THERMAL DENATURATION CURVE OF ACID-EX-TRACTED SKIN COLLAGEN.
Tm represents the temperature at the midpoint of transition from the ordered helical structure of collagen to random coil gelation as followed by a change in optical rotation. account for the difference in yield. The additional use of 5 M guanidine resulted in a twofold increase in the collagen obtained. In other experiments, however, the yield of guanidine-extracted collagen from samples of skin of older individuals was significantly less than that obtained from infant skin. Such collagen did not chromatograph on carboxymethylcellulose under the conditions described in this work and may well exist in the form of highly cross-linked material. Since much of the pathological human material available for biochemical investigation is likely to be of this nature, the resolution of higher aggregates of collagen remains an important problem.
Eastoe in 1955 (21) determined the amino acid composition of human bone and Achilles tendon extracted as gelatin. The differences in the nature of the material examined as well as differences in techniques do not permit a precise comparison of results. However, the amino acid composition of a number of purified vertebrate collagens has now been studied, and in general they have been found to be similar, although speciesspecific differences exist. The composition of aand /3-components from several species has also been studied in detail with findings analogous to those reported in this work (11) .
It would be of interest to compare the amino acid composition of human collagen reported-in this work with similar studies of other normal specimens. Minor amino acid substitutions might well occur in a protein like collagen, which exists largely in a repeating helical structure, without compromising its function. Such variation could complicate the detection of disorders of collagen structure in which a crucial amino acid substitution may have taken place. However, the effective comparison of normal collagens and collagens suspected of being abnormal must probably await the elaboration of smaller reproducible fragments of the collagen molecule, since the problems involved in performing precise comparative amino acid composition or sequence studies on structures of the size of a chains remain formidable.
The data obtained by ultracentrifugation, polarimetry, and viscometry closely parallel similar studies in the rat and confirm the similarities in molecular structure indicated by studies of amino acid composition. The (24) on the basis of their experiments involving the incorporation of glycine-C14 into collagen, as well as their analysis of the results of other workers, have suggested that collagen exists as a spectrum of aggregrates of varying stabilities and that the nature of the collagen fraction extracted by any given solvent depends on its relative ability to dissociate these aggregates. The ease of extraction seemed to correlate inversely with the time elapsed since the constituent polypeptide chains had been synthesized. This concept has found some measure of support in studies in which acid-extracted collagen could be shown to contain a higher percentage of ,8-components (i.e., was more highly cross-linked) than did neutral salt-extractable collagen (9, 25) . Orekhovich, Shpikiter, Kazakova, and Mazourov (26) and Martin, Piez, and Lewis (27) also demonstrated that glycine-C14 was incorporated into a chains before it appeared in /3-components.
While the process of intramolecular cross-linking has undergone considerable scrutiny and is understood in terms of a-and /3-components, the manner in which this process may be extended to intermolecular cross-linking, as well as the nature of the covalent bonds involved, has not been determined. Indeed the concept of intermolecular covalent cross-linking has been based largely on reasoning deduced in part from the marked insolubility of a large proportion of collagen in tissues. Although the triple-chain covalently bonded y-component identified by several investigators (28) (29) (30) (31) could well arise entirely by intramolecular cross-linking, Veis, Anesey, and Cohen (32) have been able to demonstrate more highly aggregated species in fractions of bovine skin gelatin that could not be broken down to smaller fragments by heat or chemical denaturation and sedimented homogeneously in the ultracentrifuge. These presumably represent covalently linked polymers of the collagen monomer produced by a combination of intra-and intermolecular cross-linking.
The similarity of intra-and intermolecular covalent bonds in collagen is indirectly suggested by the work of Kuhn, Zimmer, Waykole, and Fietzek (33) and Gross (34 (35) were affected by lathyrogens.
Although the identity of intra-and intermolecular bonds cannot be established until the chemical nature of these cross-links has been defined, the present work provides additional strong presumptive evidence for their similarity. It is now generally accepted that the triple-chain collagen monomer consists of two al chains and one a2 chain (9-11). /22, a dimer composed of two a2 chains, could therefore result only from the formation of an intermolecular bond. The similarity in behavior of /22 to /19 and Al in its elution from carboxymethylcellulose, in acrylamide gel electrophoresis, and in its sedimentation in the ultracentrifuge make it very likely that the three dimers are formed as part of the same process. The appearance of 322 only in guanidine extracts is consistent with the concept that this dimer can occur only in intermolecularly bonded collagen. Neutral salt and acid solvents lack the ability to break hydrogen bonds in the cold and therefore extract a fraction of collagen that seems to be aggregated to a very limited degree. The denaturing action of guanidine, however, may enable this solvent to disaggregate those chains which, although an integral part of a complex polymeric structure, have yet to become completely insoluble as a result of multiple cross-links. The finding that guanidine-extracted collagen contains more /3-components than the theoretical maximum of 67%, which could be expected if Although a y-component could be demonstrated in guanidine extracts of human skin (1), it constituted only a small proportion of the collagen, and it too could have arisen from intermolecular bonding.
There is considerable speculation that the process of aging and some degenerative diseases of connective tissue may be associated with an increase in the degree of cross-linking in collagen. A change in the nature of the cross-links formed could also occur. Gustavson (36) and Milch (37) have pointed out the possibility that metabolic products such as acetaldehyde and other aldehydes may, with time, introduce new crosslinks in collagen, thus altering its physiologic properties. The experiments of Levene (38) and Veis and Drake (39) also indicate the importance of aldehydes in the cross-linking process. Milch (40) , on the basis of in vitro experiments, has made the interesting suggestion that autoxidized polymerized homogentisic acid may be responsible for the degenerative joint disease found in association with alkaptonuria. The direct examination of the cross-linking groups as they exist in both normal and pathological tissues is therefore a matter of considerable importance. Summary 1) Normal human skin collagen has been studied with regard to a) the amino acid composition of the collagen monomer and its component chains; b) the separation, by carboxymethylcellulose chromatography, of the a (single chain) -and ,8 (double chain) -components from collagen fractions extracted with different solvents; c) the sedimentation coefficients and 'molecular weights of the a-and /3-components; and d) the optical rotation, intrinsic viscosity, and denaturation temperature of acetic acid-extracted collagen. The results are largely similar to studies performed on other mammalian collagens, although small differences exist that reflect the unique structure of collagen in each species.
2) Collagen fractions extracted with neutral salt, acetic acid, and 5 M guanidine were compared. The analysis of guanidine extracts revealed a higher percentage of /3-components than could result from intramolecularly bonded collagen alone, and the presence of 82,, a dimer of a2, which according to present concepts can arise only from intermolecularly bonded collagen.
3) The extraction of intermolecularly bonded collagen by guanidine results in ,8-components that are indistinguishable by present criteria from those extracted with salt and dilute acid solutions. This observation, together with the finding that the 122 double-chain component structurally resembles the 312 and /3l double-chain components formed as a result of intramolecular cross-linking, suggests that cross-linking in skin collagen is a single continuous process proceeding both intraand intermolecularly and progressing from the formation of double chains to highly aggregated polymers.
